in the next two decades. 1 The diagnosis of cancer via a biomarker has recently aroused much interest. More than 160 different types of cancer biomarkers have been identified to date.
2 Among these, carcinoembryonic antigen (CEA) is one of the most widely used cancer biomarker that has been associated with colon, ovarian, breast, and lung cancer.
3-6 Its abnormal pre-and postoperative serum levels have been correlated with the depth of tumor invasion, and these are used routinely for the prognosis of cancer. Many methods such as immunohistopathology, radioimmuno assays, enzyme linked immune sorbent assay (ELISA), reverse transcriptase polymerase chain reaction (RT-PCR), and positron emission tomography for CEA detection have been developed. [7] [8] [9] [10] [11] These techniques are time consuming, expensive, require expert handling, and necessitate exposure to harmful radiations. In this context, biosensors offer a number of advantages such as simplicity, high sensitivity, cost effectiveness, flexibility, and require low sample volume. 12, 13 Glassy carbon, ITO, and gold coated glass electrodes are currently being used as a substrate for fabrication of desired biosensing platforms. However, the rigidity, brittleness, and cost limit their applications towards the development of a wearable, flexible, cost effective, and disposable point-of-care device. Recently, paper based electrochemical biosensors have been attracting considerable attention because of their light weight, flexibility, portability, high sensitivity, fast response time, and disposability. [14] [15] [16] Besides this, electrochemical biosensors enable miniaturization through the use of miniaturized components such as interdigitated micro-electrodes, miniaturized potentiostat, etc., that have been found to play an important role in the development of point of care devices. [17] [18] [19] Further integration of the paper based electrochemical biosensor with microfludics system is likely to minimize the problems arising due to portability, sample volume size, and excess use of power.
For the fabrication of an efficient biosensing platform, immobilizing matrix plays a crucial role. In this context, polyaniline (PANI) may serve as a promising immobilization matrix due to its solution processability, electrical conductivity, flexibility, and large surface area. Moreover, the presence of amine groups provides an additional benefit for covalent immobilization of biomolecules with enhanced biosensing characteristics. [20] [21] [22] Singh et al. 23 used nanostructured polyaniline and Soni et al. 24 utilized polyaniline-gold nanocomposite for the detection of sexually transmitted disease (gonorrhoeae). Further, Tiwari and Gong demonstrated chitosan-co-polyaniline (CS-co-PANI) copolymer for application to breast cancer biomarker (BRCA1) detection. 25 These authors used rigid and brittle glassy substrates as biosensing platforms.
We report results of studies relating to the development of a flexible, label free, and disposable electrochemical biosensor for CEA detection. The Whatman filter Paper 1 (procured from GE healthcare, UK) was used as a substrate for the fabrication of the paper based biosensing platform. Initially, a filter paper was sputtered with gold for about 4 min using ion sputtering system (Hitachi Ion Sputter E1010). Further, electropolymerization of polyaniline was accomplished by adopting cyclic voltammetry (Autolab Potentiostat/Galvanostat, Metrohm) using a conventional three-electrode cell, wherein the gold coated paper (Au@paper, 1 Â 2.5 cm) acted as a working, platinum as an auxiliary, and Ag/AgCl as reference electrode in a solution Author to whom correspondence should be addressed. Electronic mail: bansi.malhotra@gmail.com containing 1.4 M aniline (Merck India, Ltd.) and 1 M HCl in water. The electrochemical cell is exposed to a potential cycle (n ¼ 10) between À0.2 V and 0.9 V with a scan rate of 20 mV/s. Thus obtained uniform green color stable film of PANI/Au@paper electrode was rinsed with milli Q water to remove any unbound polyaniline molecules. Further, for the fabrication of bioelectrode (anti-CEA/PANI/Au@paper), monoclonal CEA (Sigma Aldrich India, 1 mg/ml) antibodies were immobilized onto PANI/Au@paper via covalent binding using EDC-NHS chemistry. The EDC-NHS was used to activate and couple the carboxylic (-COOH) group of the antibody with amine group of polyaniline. Further, bovine serum albumin (BSA) (Sigma Aldrich India, 0.1% in phosphate buffer saline, PBS at pH 7.0) was used for blocking non-specific active sites of anti-CEA/PANI/Au@paper electrode. The fabricated BSA/anti-CEA/PANI/Au@paper bioelectrode was washed several times to remove any unbound antibodies and BSA, respectively. These bioelectrodes were stored at 4 C until further use. Figure 1 shows the step wise fabrication of a polyaniline modified paper sensor.
The results of cyclic voltammetry studies show the formation of PANI on the surface of the gold coated paper (Au@paper) electrode ( Figure S1 ). 33 An oxidation peak seen near 0.2 V corresponds to the formation of emaraldine, a partial oxidized form of aniline, and a peak near 0.8 V relates to the formation of perningraniline, a fully oxidized form of aniline. 26 With increase in the thickness of the film, there is a gradual shift in both the anodic and cathodic peak potential. 27 During electrochemical deposition, polyaniline is switched from its reduced form (leucoemaraldine, transparent) to its oxidized form (emaraldine/perningraniline, green), as shown in video S1. 33 The reduced form of polyaniline reveals its insulating nature, whereas the oxidized form indicates its conducting behavior. The inset of Figure S1 shows the fabricated PANI/Au@paper electrode that exhibits a green uniform deposition of PANI. 33 The results of X-ray diffraction (XRD, Bruker D-8 Advance, Cu Ka radiation; k ¼ 1.5406 Å ) studies of the fabricated PANI/Au@paper electrode conducted between 2h angles 30 and 70 are shown in Figure S2 (a). 33 The diffraction peaks observed at 34.2 and 46.3 correspond to (221) and (115) planes, indicating the formation of PANI over Au@paper electrode (JCPDS No.: 53-1891). 28 The surface morphology of the Au@paper, PANI/Au@paper, and anti-CEA/PANI/Au@paper electrodes was investigated via scanning electron microscopy (SEM, Hitachi S-3700 N). The SEM micrograph of the Au@paper electrode ( Figure S2(b) ) shows smooth and homogenous surface, whereas in Figure  S2 (c), the thread like porous structure appears to cover the Au@paper surface, confirming the uniform deposition of polyaniline. 33 However, after anti-CEA immoblization ( Figure  S2(d) ), the surface morphology of the PANI/Au@paper electrode shows the filled pores in the fibrous structure of PANI with shiny appearance. , representing benzenoid and quinoid ring of PANI. 29 The other high intensity peak found at 1108 cm 
cm
À1 is due to N-H stretching of -NH 2 group present in PANI that helps in covalent immobilization of antibodies. 30 After the anti-CEA immobilization, the peak observed at 1531 cm À1 corresponds to C-N bond formed between -NH 2 group of PANI and -COOH groups of F c region of antibodies, indicating covalent immobilization of anti-CEA. 22 The additional peaks found at 1700 cm À1 and 3300 cm À1 may be attributed to C¼O stretching for amide I and -NH stretch in the amide II group of protein (anti-CEA), respectively.
The results of flexibility studies of the PANI/Au@paper electrode are shown in Figure 2 . The optical image at Figure  2 (a) exhibits green colour coating of PANI over the Au@paper with a high degree of flexibility. The SEM image in Figure 2(b) shows the dark and light areas of PANI and Au, respectively, at the PANI/Au@paper electrode, revealing successful coverage of PANI over the modified paper fibers (Au@paper). The after effect of bending (þ180 and À180
) of the Au@paper electrode results in the formation of cracks along the line of bending, as shown in the SEM micrograph (Figure 2(c) ). This may perhaps be attributed to the deformation mismatch between the metal (Au) and the paper substrate when subjected to stress. 31 It appears that the PANI modified Au@paper overcomes this problem by conferring improved flexibility to the Au@paper electrode, as shown in Figure 2(d) . Further, it was found that no cracks developed during bending of the PANI/Au@paper electrode. This clearly proves that PANI provides a strong hold over the sputtered gold layer to prevent the delamination of Au from the paper surface.
Electrochemical impedance spectroscopy (EIS) is an effective tool for the investigation of the interfacial properties of the surface modified electrodes. In order to study the charge transfer phenomena occurring at the paper/solution interface, the EIS studies were carried out (Autolab Potentiostat/Galvanostat, Metrohm). Figure 3(a) shows the Nyquist plot obtained for Au@paper, PANI/Au@paper, and anti-CEA/PANI/Au@paper at 0.03 V biasing potential conducted in the frequency range of 100 kHz to 0.1 Hz. The diameter of the semicircle in the Nyquist plot gives the magnitude of charge transfer resistance (R ct ) of the electrode that depends on the dielectric characteristics of the electrode/ electrolyte interface. The curve fitting has been done assuming Randles circuit [R s (R ct C dl )] of the electrochemical cell. The R ct value obtained for the PANI/Au@paper electrode ($20.6 X, curve ii) is found to be lower than that of the Au@paper electrode ($268X, curve i). These results suggest that deposition of PANI onto the Au@paper surface enhances the electron transfer kinetics between the electrolyte and Au@paper electrode, resulting in the enhancement of the electrochemical properties of the PANI/Au@paper electrode. However, the observed R ct value (24.6 X, curve iii) for the anti-CEA/PANI/Au@paper electrode is higher than that of the PANI/Au@paper electrode ($20.6 X, curve ii). The significant increase in the R ct value is attributed to the immobilization of anti-CEA that causes the hindrance due to macromolecular structure of antibodies that in turn are likely to obstruct electron transfer owing to their insulating nature. The heterogenous electron transfer rate constant (Kct) value of the Au@paper, PANI/Au@paper, and anti-CEA/PANI/ Au@paper electrodes has been estimated to be 1.98 Â 10 The observed increase in the value of the electrochemical current of the PANI/Au@paper electrode ($0.76 mA) than that of the Au@paper electrode ($0.34 mA) confirms polymerization of PANI on the Au@paper surface, resulting in enhanced permeability of the redox couple [Fe(CN) 6 ] 3À/4À . The decrease in the electrochemical response current of the anti-CEA/PANI/Au@paper electrode ($0.68 mA) than that of the PANI/Au@paper electrode ($0.76 mA) is due to immobilization of the anti-CEA which perhaps hinders the electron transport owing to its insulating and macromolecular nature.
The electrochemical response of the anti-CEA/PANI/ Au@paper electrode (Figure 3(c) ) was conducted as a function of carcinoembryonic antigen (CEA) concentration (2-50 ng/ml) in PBS (50 mM, pH 7.4, 0.9% NaCl) containing 5 mM [Fe(CN) 6 ] 3À/4À using chronoamperometry with an incubation time of 10 min. For this purpose, bovine serum albumin (0.1% in PBS) was dispensed onto the anti-CEA/ PANI/Au@paper electrode to block the non-specific sites. After rinsing with PBS, the electrode was used for sensing studies. The magnitude of the current was measured on addition of each CEA concentration. It was found that the current decreased on addition of CEA due to the formation of electrically insulating antigen-antibody complexes caused by specific interaction of the CEA and the anti-CEA that perhaps diminishes the charge transfer via [Fe(CN) 6 ] 3À /4 , leading to the reduction in amperometric current at the paper electrode surface. Figure 3(d) shows the calibration curve obtained between the response current and CEA concentration in the range of 2-50 ng/ml. The variation of current with concentration follows:
The value of sensitivity is obtained as 13.9 lA ng À1 ml cm
À2
. A control experiment was performed to check cross reactivity of the PANI/Au@paper with CEA antigen (in the absence of antibodies). However, no significant change in current response was observed for the PANI/Au@paper in the absence of antibodies as a function of CEA concentration ( Figure S4(a) ), which clearly indicated the absence of cross reactivity. 33 The reproducibility, selectivity, and stability of the BSA/ PANI/Au@paper electrode were studied ( Figures S4(b)-S4(d) ) and found to be reasonably reproducible (relative standard deviation (RSD) less than 5%) and stable up to 22 days. 33 The selectivity of the BSA/anti-CEA/PANI/Au@paper electrode was investigated in the presence of other analyte such as cardiac troponin 1 (cTn-1), endotheline-1 (ET-1), and cytokeratin-19 fragment (CYFRA-21-1) (2 ng/ml). We did not observe any significant change in electrochemical current. However, on addition of carcinoembryonic antigen (CEA) (2 ng/ml), we observed a significant change in electrochemical current response, indicating that the BSA/anti-CEA/PANI/ Au@paper electrode is highly specific for CEA and does not cross react with other interferants. Further, the BSA/anti-CEA/ PANI/Au@paper electrode was validated using CEA concentration obtained by serum samples of cancer patients via immunoassay technique. The sensing results obtained (Table ST1 ) using the fabricated paper electrode are in accordance with results of the immunoassay. 33 The sensing characteristics of the BSA/anti-CEA/PANI/ Au@paper electrode along with those reported in literature are summarized in Table ST2 . 33 It can be seen that the fabricated electrode is more efficient than those reported using the conventional electrodes and is much higher in comparison to the paper electrode. This electrode could be easily decomposed by simple incineration ( Figure S5 ). 33 The resulting ash was examined by energy dispersive X-ray (EDX) technique. The results of EDX analysis confirm the absence of any toxic or pernicious elements in this conducting paper ash ( Figure S6) . 33 In conclusion, we have demonstrated a flexible, lightweight, and disposable paper sensor based on a polyaniline modified paper. It has been found that the polyaniline modified paper exhibits improved flexibility, high heterogenous electron transfer rate constant, large surface area, and provides a suitable matrix for covalent immobilization of biomolecules. The fabricated BSA/anti-CEA/PANI/Au@paper electrode has been used for cancer biomarker (CEA) detection, and is found to be highly sensitive (13.9 lA ng À1 ml cm
) with good linearity in the physiological range of (2-20) ng ml À1 and a lower detection limit of 1.36 ng ml
À1
. This simple, flexible, lightweight platform has immense potential for smart point-of-care devices, gas sensors, strain sensors, and flexible electronics.
